ZrO 2 -decorated ZnO (ZrO 2 |ZnO) nanoparticles (NPs) have been synthesized by a facile co-precipitation method in the presence of cetyltrimethylammonium bromide (CTAB) surfactant. The ZrO 2 amount in the NPs has been varied from 1.0, 2.0, 4.9, to 9.3% by weight. The resulting NPs are heterostructured and consist of a crystalline ZnO core (wurtzite phase) surrounded by an amorphous ZrO 2 layer. X-ray diffraction analyses support this observation. The NPs show a narrow size distribution and are slightly elongated. Compared to pure ZnO NPs, the hybrid ZrO 2 |ZnO ones show enhanced photocatalytic activity toward the degradation of Rhodamine B under UV-Vis light. Such enhancement has been partly attributed to the increased amount of oxygen vacancies when ZrO 2 is incorporated into the NPs, as shown by X-ray photoelectron spectroscopy analyses.
Introduction
Territorial conflicts, unsustainable economic development, and climate change limit the access to clean water sources up to 40% of world population [1] . According to the World Health Organization, 663 million people lacked drinking water sources in 2015 [2] . However, the expansion of industrial activity demands more and more water. Only in the USA, 68 billion liters of water are employed per day by industry [3] . For this reason, efficient wastewater treatments are essential to convert polluted water into a reusable effluent. One of the main drawbacks is the complex chemical composition of wastewaters. Oils, organic solvents, adhesives, heavy metals, and dyes are common constituents. A large number of them are highly toxic and potentially carcinogenic [4] .
However, all these processes show several disadvantages; they are time-consuming, expensive, and also generate toxic side products [1] . One promising alternative is photocatalytic degradation, by which organic compounds are broken into harmless substances under mild conditions with the assistance of light. During the last years, great efforts have been devoted to investigate the performance of zinc oxide (ZnO) as a photocatalyst [6] [7] [8] [9] . ZnO is an abundant semiconductor with a high exciton binding energy (*60 meV at room temperature) and a wide bandgap (*3.30 eV). It can crystallize either in the thermodynamically stable wurtzite structure or in the metastable zinc-blende and high-pressure rock-salt phases. The catalytic properties of ZnO have been tackled in several studies. Although TiO 2 is proven to be the best photocatalyst for the removal of dyes in wastewater, it has been claimed that the separation of TiO 2 after photocatalytic experiments is very difficult due to its fine size [10] . Meanwhile, ZnO possesses a band gap comparable to that of TiO 2 , and its removal has proven to be quite simple as it settles down at the bottom of the photocatalytic reaction vessel quickly. It has also been claimed that TiO 2 has better photochemical stability than ZnO in aqueous solution, but the latter is photochemically more active [11] . In the wurtzite structure, ZnO possesses two polar faces [(0001)-Zn and (0001)-O] [12] which have a positive impact on the photocatalytic response [13, 14] . Nevertheless, bare surface of wurtzite ZnO structures presents poor separation efficiency of photogenerated e --h ? pairs [15, 16] and high photocorrosion [16, 17] . The catalytic properties of ZnO can be enhanced by modifying the energy band gap, [18] improving the absorption sensitization [19] or scaling down the dimensions of the catalyst, [13, 20, 21] so as, for example, to increase the exposure of more reactive facets. [22] The formation of heterostructures consisting of ZnO and other transition metals or semiconductors [15, 23] can also lead to an enhancement of the catalytic behavior. It has been shown that the electric field created between two metal oxides in intimate contact avoids the electron-hole recombination and also modifies the amount of oxygen vacancies or unsaturated cations, affecting the acidbase behavior of the metal oxide, and therefore, tuning the catalytic properties [24] .
Zirconium oxide (ZrO 2 ) is also a wide bandgap semiconductor (*5.00 eV) whose catalytic activity has been widely studied [25, 26] . However, it also has some drawbacks such as low quantum yield and high recombination of photogenerated electron-hole pairs, which hinders its further use as a photocatalyst [27] . ZnO and ZrO 2 components have been co-synthetized to render hybrid materials suitable for various catalytic applications [28] . For example, Crisci et al. [29] successfully synthesized Zn x Zr y O 2 catalysts which enabled the occurrence of consecutive reactions to obtain isobutene. Kennedy et al. [30] prepared pure ZnO, ZrO 2 , and their coupled oxides and studied their performance toward the degradation of 2,4-dichlorophenol. Even ternary Cu(O)|ZrO 2 |ZnO catalysts have been employed in the hydrogenation of dimethyl 1,4-cyclohexane dicarboxylate, [31] the production of methanol [32] or hydrogen [33] . Therefore, it is clear that the combination of ZnO and ZrO 2 can furnish a hybrid material with interesting (photo) catalytic properties.
In this study, we report a facile and environmentally friendly synthesis of zirconium oxide|zinc oxide (ZrO 2 |ZnO)-heterostructured nanoparticles (NPs) and the in-depth characterization of their properties. Structural analyses indicate that amorphous ZrO 2 clusters decorate the surface of crystalline ZnO NPs. We show that these heterostructures present enhanced photocatalytic activity in the degradation of Rhodamine B (RhB) under UV-Vis irradiation compared to their single counterparts, evidencing the synergistic effect between ZnO and ZrO 2 components.
Experimental section Synthesis of ZrO 2 |ZnO NPs
All chemicals were of analytical grade and used without further purification. ZnO and ZrO 2 |ZnO NPs with varying ZrO 2 wt% content (1.0, 2.0, 4.9, and 9.3%) denoted as 1%ZrZnO, 2%ZrZnO, 4.9%ZrZnO, and 9.3%ZrZnO, respectively, were synthesized by co-precipitation method [34, 35] . Pure ZnO NPs were produced by first dissolving 0.5945 g of Zn(Ac) 2-2H 2 O (Ac = acetate) and the same quantity of cetyltrimethylammonium bromide (CTAB) in 25 mL of ethanol at 65°C while stirring vigorously. Aside, 0.3 g of KOH were dissolved in 13 mL of ethanol and also heated to 65°C. Then, the KOH solution was added to the zinc acetate solution and refluxed for 3 h until a white precipitate was obtained. The ZrO 2 |ZnO NPs were obtained by adding 1, 2, 5, and 10 wt% of ZrOCl 2 Á8H 2 O, respectively, to the ZnO reaction vessel. For comparative purposes, pure ZrO 2 NPs were synthesized following the procedure earlier described for 9.3%ZrZnO sample without the addition of Zn(Ac) 2 Á2H 2 O salt. All the samples were centrifuged in water twice at 6000 rpm for 5 min. The whitish precipitate was collected and let to dry overnight at room temperature.
Morphological and structural characterization
The morphology and structure of the NPs were examined by field emission scanning electron microscopy (FE-SEM) using a Zeiss MERLIN microscope operated at 3.0 kV and 100 pA and high-resolution transmission electron microscopy (HRTEM) on a JEOL-JEM 2011 apparatus operated at 200 kV. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and energy-dispersive X-ray spectroscopy (EDX) line profile analyses were performed on a FEI Tecnai G2 F20 microscope operated at 200 kV and equipped with an EDAX super ultra-thin window (SUTW) X-ray detector. For electron microscopy observations, the NPs were dispersed in ethanol and subjected to sonication for 5 min. Afterward, one drop of the suspension was deposited onto a Si chip for SEM purposes, whereas 4 lL of the dispersion were placed on a carbon-coated Cu grid for (HR)TEM and STEM analyses. The crystallographic structure of the samples was studied by selected area electron diffraction (SAED) at the TEM and powder X-ray diffraction (XRD). XRD patterns were recorded on a Philips X'Pert diffractometer using the Cu Ka radiation (40 kV and 30 mA) in the 25°-75°2h range. The structural parameters (crystallite size, microstrains and cell parameter) were evaluated by fitting the full XRD patterns using the ''Materials Analysis Using Diffraction'' (MAUD) Rietveld refinement software [36] . X-ray photoelectron spectroscopy (XPS) analyses were carried out on a PHI 5500 Multi-Technique system spectrometer (from Physical Electronics), equipped with a monochromatic X-ray source (K a Al line with energy of 1486.6 eV and 350 W), placed perpendicular to the analyzer axis and calibrated using 3d 5/2 line of Ag with a full width at half maximum (FWHM) of 0.8 eV. Charging effects were corrected by referencing the binding energies to that of the adventitious C1 s line at 284.5 eV. All spectra were deconvoluted using Gaussian functions and assuming parabolic background. The chemical composition of the samples was analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES) using a Perkin-Elmer, model Optima 4300 DV. Dry powders were digested in a solution consisting of 3.9 mL MQ-Water and 100 lL of diluted aqua regia (3 HCl: 1 HNO 3 ) stabilized with 10 lL of HF.
Evaluation of photocatalytic activity
The photocatalytic activity of pure ZnO, ZrO 2 , and ZrO 2 |ZnO NPs was evaluated by following the decolorization of a 9 ppm RhB aqueous solution (Acros Organics, 99%, without further treatment). Solutions were prepared by mixing 1 mL of catalyst dispersion (58 mg/mL) and 9 mL RhB (10 ppm) solution. In addition to this, in each experiment, a blank RhB solution (without catalyst) was used as a control and reference sample. The reaction cells were placed in a SwiftCure IB irradiation cabin equipped with a mercury lamp. Following the recommendations given by ISO 10678:2010 standard, suitable cutoff filters were used to limit the wavelength radiation and avoid direct photolysis of the dye. The average light intensity used was 220 W, and the wavelength ranged from 320 to 500 nm, thus covering part of the ultraviolet (UV) and visible (Vis) domains. The photocatalytic experiments were conducted under continuous magnetic stirring at room temperature. After the suspensions had been conditioned for 60 min in dark to reach adsorption-desorption equilibrium, the light was turned on to initiate the reaction. Experiments were then conducted under UV-Vis irradiation for an overall time of 180 min. The pink color of the solutions faded gradually with time as a consequence of the decomposition of RhB. Aliquots were withdrawn regularly (at 0, 15, 30, 60, 120, and 180 min) from the reaction vessel, and the NPs were removed with a centrifuge. The supernatant solutions were then placed in a UV-Vis spectrophotometer (Shimadzu UV-1603) to measure the absorption spectra of RhB (k = 550 nm) as a function of irradiation time. The photocatalytic activity of the catalysts was calculated as C/C 0 , where C 0 is the concentration of the test solution of RhB before irradiation and C is the concentration of RhB after UV-Vis irradiation. Optical diffuse reflectance spectra were measured at room temperature using the same UV-Vis instrument equipped with an integrating sphere attachment using NaF as a reference. In this case, KBr was used as supporting material.
Results and discussion
Structural and morphological characterization XRD analyses were conducted to investigate the crystallographic structure of the ZrO 2 |ZnO NPs (Fig. 1a) . Diffractions peaks were noted in all cases except for pure ZrO 2 , all matching the wurtzite structure of ZnO (JCPDS 36-1451). No additional peaks attributed to either Zr or ZrO 2 were found, even for the highest amount of Zr (sample 9.3%ZrZnO). Pure ZrO 2 NPs were of amorphous nature, as indicated by the absence of reflections in its XRD pattern [37] . Furthermore, no shift of the diffraction peaks with Zr addition was observed (Fig. 1b) , hence ruling out the incorporation of Zr atoms into the ZnO crystal lattice [16] . Interestingly, a small hump gradually emerged in the 24-348 2h region upon increasing the Zr content (Fig. 1b) ), and cell parameters (a, c) of the ZnO wurtzite phase are listed in Table 1 . The average crystallite size of ZnO slightly increases with the amount of Zr. Contrarily, the cell parameters a and c remain constant, being the values slightly higher than the tabulated ones [38] .
FE-SEM analyses indicated that the NPs were rather uniform in size (Fig. 2a, c) and exhibited a rounded morphology (Fig. 2b, d) , apparently irrespective of the Zr content. Complementary morphological and structural information was obtained by HRTEM. The corresponding images and their respective insets (Fig. 3a, c) revealed the anisotropic shape of the NPs (i.e., they were not as spherical as suggested by SEM). The occurrence of lattice fringes (Fig. 3, see insets) was attributed to the main ZnO phase. Interestingly, the presence of an amorphous thin shell around the crystalline core was clearly observed in the NPs corresponding to sample 9.3%ZrZnO (Fig. 3c) . The SAED patterns show spotty rings whose interplanar distances all match those of wurtzite ZnO, thus confirming the nanocrystalline nature of pure ZnO core and the occurrence of amorphous ZrO 2 shell in heterostructured ZrO 2 |ZnO samples (Fig. 3b, d , respectively).
The particle size distributions for each sample were obtained by measuring 200 individual NPs from TEM images. The length and the width were taken into account separately ( Supporting Information, Figure S1 ). The distributions were fitted to a log-normal function. Contrary to other metal-doped ZnO systems, the mean size of the NPs was kept fairly constant except for sample 9.3%ZrZnO (Supporting Information, Figure S2 ) [16, 39] . Moreover, the syntheses were proven to be highly reproducible since NPs synthesized in different batches showed the same mean length and width (Supporting Information, Figure S3 ).
It is believed that both the CTAB and the amorphous shell surrounding the ZnO cores modulate the NP size to some extent, mainly inhibiting their growth. In order to prove whether CTAB had a noticeable effect on NP size, a new batch of NPs was produced through CTAB-free synthesis (see Supporting Information S4 for the size distributions). The length and width of the NPs synthesized with and without CTAB are listed in Table 2 for the sake of comparison. In the case of NPs obtained in CTABfree syntheses, their length gradually decreases as the amount of ZrO 2 increases (from 1%ZrZnO to 9.3%ZrZnO). Meanwhile, their width remains fairly constant. Therefore, the presence of ZrO 2 in the NPs makes them more rounded. When the surfactant is added to the synthesis the length and the width of the NPs do not appreciably increase (or decrease) except for the highest Zr amount (9.3%ZrZnO). In this case, the size of the NPs synthesized with and without CTAB is virtually the same. This result indicates that CTAB effectively reduces the size of the NPs, [40] mainly their length, for low Zr contents. At higher ZrO 2 amounts such effect is less pronounced and even nonexistent.
STEM-EDX analyses were conducted in order to shed light on the distribution of ZrO 2 component. As aforementioned, HRTEM analyses suggested the occurrence of an amorphous nanometer-thick layer coating the ZnO NPs (inset of Fig. 3c) . Indeed, STEM images showed the presence of groups of small entities surrounding the ZnO cores (Fig. 4a) . EDX line scan analysis performed across individual NPs According indicated that such entities are rich in Zr while the cores contain Zn (Fig. 4b, c) . Moreover, Zr was homogenously detected in all places of the sample (Supporting Information, Figure S5 ). Therefore, the resulting heterostructures can be described as crystalline ZnO cores coated by amorphous ZrO 2 clusters.
In order to determine the actual amount of Zr in the NPs, they were digested for ICP-OES measurements. Table 3 lists the wt% of ZrO 2 calculated from the Zr amounts measured. The results indicate that there is no significant difference between the nominal and the actual ZrO 2 amounts. The oxidation states of Zn and Zr in ZnO and ZrO 2 |ZnO NPs were investigated by means of XPS. Figure S6a and b shows the core-level spectra of Zn 2p transition (only 2p 3/2 ) for samples ZnO and 9.3%ZrZnO, respectively. The corresponding O 1 s transitions are shown in Fig. 5a , b. Figure S6 spectra (Fig. 5a, b) can be deconvoluted into three peaks. The most intense band (*530.0 eV) corresponds to lattice oxygen [41] in ZnO (Fig. 5a ) and additionally in ZrO 2 [42] (Fig. 5b) . The second peak (*531.5 eV) can be attributed to carboxyl groups arising from unreacted acetate residues from the synthesis or, most likely, to oxygen vacancies [43] . Remarkably, the intensity of this band is slightly higher in the sample with ZrO 2 (9.3%ZrZnO, Fig. 5b) . For a more quantitative comparison, the intensity of the O 1 s peaks has been normalized to the intensity of the lattice oxygen peak [44] in Table 4 . It can be seen that the normalized intensity ratio of the peak attributed to either carboxyl groups or oxygen vacancies is higher in sample 9.3%ZrZnO. We speculate that this peak is mostly related to oxygen vacancies rather than carboxylate residues. Both samples, ZnO and 9.3%ZrZnO were synthesized using the same amount of Zn acetate precursor, and hence, the contribution from carboxylate residues should be, a priori, the same. Altogether, this indicates the formation of a large amount of oxygen vacancies during the synthesis.
The peak centered at 532.5 eV is attributed to hydroxyl groups. Some authors have indeed reported the formation of a Zn(OH) 2 passive layer in ZnO NPs in contact with air [34] . Finally, the Zr 3d spectra ( Figure S7 ) shows a doublet located at 182.0 and 184.2 eV, which match the binding energies expected for 3d 3/2 and 3d 5/2 , respectively, of Zr 4? [45] .
Photocatalytic behavior
The photocatalytic behavior of the synthesized ZrO 2 |ZnO NPs samples was evaluated by following the degradation of RhB under UV-Vis for 3 h soon after the adsorption-desorption equilibrium was reached. Figure 6a presents the C/C 0 ratio as a function of time, where C 0 is the initial concentration and C is the concentration at a given time of RhB. A decrease is observed in the organic dye concentration when catalysts are present in the aqueous solution, the rate being faster and the concentration of degraded RhB higher when the amount of zirconia in the NPs is increased. To discard other possible contributions to the catalytic response, additional experiments were performed to ensure that light irradiation and ZrO 2 alone had little effect on RhB degradation. The results of both experiments are also shown in Fig. 6a . As can be observed, no degradation occurred in the absence of ZnO (pure ZrO 2 ).
There are various factors associated with the photocatalytic activity of metal oxide-based NPs such as the morphology and the NP size [46, 47] . As the NPs size is almost constant within sample series, or even slightly higher for the sample with the highest ZrO 2 amount (9.3%ZrZnO), the enhanced catalytic behavior cannot be attributed to an increase in the active surface area. Moreover, it was qualitatively observed by TEM that the level of aggregation (and hence, interparticle porosity) was very similar among the different samples. Since the photocatalytic activity is also closely related to the light absorption capacity of the photocatalysts, [48] the UV-Vis diffuse reflectance spectra of all samples were measured and converted to the visualized absorption spectra (Fig. 6b) . The absorption spectra show stepped curves with a similar cutoff wavelength value around 390 nm irrespective of the photocatalyst. This value is in agreement with the corresponding bibliographic data [49] . Therefore, the enhancement in the catalytic behavior with the ZrO 2 content can be attributed neither to differences in their light absorption capacity. On the other hand, as expected, ZrO 2 shows no absorption at the wavelength range studied. Actually, the lack of activity of amorphous ZrO 2 is due to its large bandgap [50] . According to the literature, when ZnO NPs are irradiated, electrons are transferred from the valence band to the conduction band. Electron-hole pairs are then created on ZnO, which enable the photocatalytic process [51] . Surface defects are needed to separate and stabilize those photogenerated electron-hole pairs against their recombination. XPS measurements showed that the amount of defects (i.e., oxygen vacancies) indeed increases with Zr content. This could explain why the photocatalytic performance gradually improves from ZnO to 4.9%ZrZnO. However, a further increase in Zr concentration (from 4.9%ZrZnO to 9.3%ZrZnO) does not bring a further enhancement of the photocatalytic activity. It is conjectured that an excessive amount of ZrO 2 increases the electron-hole pair recombination rate, thus inhibiting the photodegradation reaction [52] . Moreover, the active ZnO sites might become less accessible due to the ZrO 2 coating.
Conclusions
Heterostructured ZrO 2 |ZnO NPs consisting of amorphous ZrO 2 clusters decorating crystalline ZnO cores have been obtained by a simple co-precipitation method in KOH. The formation of amorphous ZrO 2 was evidenced by both XRD, HAADF-STEM and HRTEM analyses. Except for the sample with the highest ZrO 2 amount, both the length and the size of the NPs hardly varied with the ZrO 2 content. The hybrid samples outperformed both pure ZnO and ZrO 2 NPs in terms of photocatalytic behavior. The decolorization of RhB dye was faster when using ZrO 2 |ZnO NPs as photocatalysts, being 4.9 wt% ZrO 2 the optimum amount. An increased amount of surface defects like oxygen vacancies, as indicated by XPS, seems to be behind the enhanced photocatalytic response. Considering the simplicity of the fabrication process, we expect that these NPs could find uses in sustainable water remediation processes in the near future.
